High-occupancy toll (HOT) lanes offer drivers the option of traveling on a high-occupancy vehicle (HOV) lane for a toll when they would not normally meet the occupancy requirements of the lane. These characteristics have led to the growing perception that HOT lanes offer both substantial revenue opportunities and a solution to concern about underused HOV lanes.
High-occupancy toll (HOT) lanes offer drivers the option of traveling on a high-occupancy vehicle (HOV) lane for a toll when they would not normally meet the occupancy requirements of the lane. These characteristics have led to the growing perception that HOT lanes offer both substantial revenue opportunities and a solution to concern about underused HOV lanes.
As of March 2006, HOV lanes have been adapted to HOT lanes in only five projects. However, numerous cities are in various stages of implementing a HOT lane, according to the Internet site value pricing.org (1) . Transportation departments and transit authorities are aware that there are complexities and costs associated with adapting HOV lanes to HOT lanes and operating HOT lanes, but the exact nature and magnitude of these issues are generally unknown.
The complexities and costs associated with adapting HOV lanes to HOT lanes necessitate detailed evaluations of such projects. Further, each project is case specific, and the importance or relevance of the numerous factors that must be considered in adapting an HOV lane to a HOT lane vary from one project to the next. Though detailed analysis of the factors is necessary before dedicating financial resources to such a significant transportation improvement, there is a need for a sketch-planning tool that can evaluate the multiple factors (quantitative and qualitative) involved in implementing an adaptation project.
This paper describes a research effort sponsored by the Texas Department of Transportation (TxDOT) to develop a much-needed sketch-planning tool for assessing HOV-lane to HOT-lane adaptation projects-the next challenge in the evolution of HOV facilities. Identifying key issues and incorporating them into an evaluation tool are anticipated to be of benefit to the myriad of regions considering the adaptation of an HOV lane to a HOT lane.
This research project evolved from more than two decades of experience with HOV lanes in Texas. The Texas Transportation Institute (TTI) has teamed with TxDOT and the transit authorities in Houston and Dallas to perform ongoing, comprehensive evaluations of existing and proposed HOV lanes and HOT lanes since 1979. This research project captures the benefits of this extensive experience in a manner that is not only applicable to Texas projects but also readily applicable to HOV-lane to HOT-lane adaptations everywhere.
PROJECT OBJECTIVES
The research team initially developed a list of the most likely goals behind the adaptation of an HOV lane to a HOT lane. These goals included
• Increase corridor mobility, • Increase corridor safety, • Generate revenue, • Make environmental improvements, and • Provide travel options.
Researchers then developed a list of the primary measures of effectiveness (MOEs) of these goals and the issues and elements that would prevent obtaining each goal. These items were then grouped into three main categories-facility considerations, performance considerations, and institutional considerations-as follows:
Analytical Tool for Evaluating Adaptation of a High-Occupancy Vehicle Lane to a High-Occupancy Toll Lane
1. Identify, analyze, and quantify the facility considerations in a potential adaptation of an HOV lane to a HOT lane. This objective includes those design, operations, and enforcement features or characteristics that would be essential or desirable for a successful HOT lane operation.
2. Identify, analyze, and quantify the performance considerations associated with the adaptation of an HOV lane to a HOT lane. This objective includes how best to measure and predict the potential for an adaptation project to accomplish the goals of the transportation agencies and communities involved in the project. These goals might include increasing person-movement, reducing congestion, generating revenue, providing travel options, and achieving other performance goals.
3. Identify, analyze, and quantify the institutional considerations in evaluating the appropriateness of adapting an HOV lane to a HOT lane. This objective includes factors such as public acceptance, revenue use, interagency cooperation, and media relations.
In addition to the three categories (and related objectives), it was a project objective to develop an appropriate mechanism (analytical tool) to allow public agencies to evaluate the tradeoffs within and among the project objectives listed above. It is unlikely that any potential HOV lane project represents an ideal combination of features, demands, and characteristics to ensure success as a HOT lane. Satisfying this objective allows the analyst to assess the relative significance of tradeoffs among facility, performance, and institutional objectives and considerations in reaching decisions about the most appropriate decision. The result will be a user-friendly evaluation tool for considering the trade-offs and communicating the findings at a sketch-planning level. Potentially viable projects should then be examined carefully for their net societal costs and benefits.
The remainder of this paper discusses key elements of the research that were performed to address each of these objectives.
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ANALYSIS PROCEDURE
The researchers and TxDOT personnel developed a lengthy list of factors that have been identified throughout the documented research as having had some demonstrated or suspected degree of impact on the HOV-lane to HOT-lane adaptation. That list was consolidated to those factors that could have a meaningful bearing on the decision to adapt. Once the key factors were identified, described, and bounded, the research focused on how to incorporate these relevant factors into an analysis of the whole set that was logical, comprehensive, and explainable. That process took into account three dimensions for each factor:
• Weight-how significant or important this factor is relative to the goals of adaptation;
• Score-how well this factor compares with a desirable or minimum standard; and
• Interaction-how this factor interacts with other factors and how that can be captured quantitatively.
Each dimension required comprehensive development, which is described in subsequent sections.
With the large number of factors and detailed guidance associated with each one, a hard-copy workbook was not practical, so the TTI team developed a software tool that accomplishes two tasks:
1. It guides the user through logical steps in the development of an assessment and 2. It performs all the recording keeping and calculations automatically.
The analytical process is illustrated in Figure 1 has access to routine design, operations, and performance information. By using that routine design, operations, and performance information, along with links to additional information embedded in the software program, the analyst prepares the analysis of the facility and performance categories and prepares the input data for the institutional category of factors. While the analyst may conduct part of the institutional analysis, the final elements are likely left to a senior management individual, who may be more likely to appreciate the political sensitivities and interagency cooperation issues. At TxDOT, this individual is assumed to be the district engineer, the ranking staff person for a geographic region of several counties, though the duties certainly could be delegated.
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The following discussion addresses the individual components of the analysis in more detail.
Definition of Factors by Category
There are numerous factors to consider when an adaptation from an HOV lane to a HOT lane is investigated. Researchers separated these factors into facility, performance, and institutional categories to meet the project objectives specified previously. The many potential factors were narrowed down to those anticipated as the most important in each category. These factors are shown in Tables 1 through 3 for facility, performance, and institutional issues, respectively. These tables illustrate the depth and breadth of the number of factors that should be evaluated when considering the adaptation of an HOV lane to a HOT lane at the sketch-planning level. The default weights provided in each table indicate the relative importance of each of the factors. Factor weighting is described in more detail in the next section.
Factor Weighting
After narrowing the list of critical factors within each category to those listed in Tables 1 through 3 , researchers developed a weighting strategy for the factors. The selected procedure ensures that factors from all three primary categories (facility, performance, institutional)
are assigned weights and compared relative to each other categorically and globally. This also allows the analyst to assign weights different from the default values. The High-Occupancy Toll Strategic Analysis Rating Tool (HOT START) program leads the analyst through screens related to each category, allowing the analyst to input a weight for each factor, as shown in Figure 2 . After addressing each factor in its respective category, the user is forced to make relative judgments of each factor, while maintaining a total summed weight of 100 for all factors across the three categories (facility, performance, institutional). This way the analyst has 100 "points" to allocate in a manner that he or she believes is appropriate for the community. This weighting strategy forces the user to consider simultaneously all the factors that are anticipated to affect the decision of whether to adapt from an HOV This factor includes benefits of the HOT lane adaptation from both an agency revenue point of view and a net benefit to society point of view. From the agency point of view, the greater the surplus toll revenue (total revenue minus start-up, operating, and maintenance costs) the better. From society's point of view, any overall travel time savings, reduction in emissions, or reduction in fuel use are all benefits.
This factor examines local drivers' willingness to pay tolls, both from their familiarity with tolls and their income levels. An interaction of these two issues will yield the appropriate scale values. Considerations include Are there other toll facilities already in the area? Do these other local facilities use the same toll technology as on the HOT lanes and will the transponders be interoperable? Travelers with higher incomes generally have higher value of travel time savings and are therefore more willing to pay a toll to avoid congestion and reduce their total travel time.
This factor examines the likelihood that the adaptation will adversely affect safety on the HOV lane. A reduction in safety causes concerns for additional injuries due to the adaptation. Additionally, if there are frequent crashes on the HOT lane then travelers will not pay to use the lane due to a fear of their own safety and the travel delays caused by crashes. The issue of safety is again relative to the city and corridor in question. However, for the scoring in this category, a significant decrease is a change in crash rate that is significantly lower than the previous rate at a level of confidence of 95%. A slight reduction is a lower rate, but it is not statistically significant.
This factor includes impact of the HOT lane adaptation on both emissions and fuel use. Due to the high likelihood that the adaptation will have minimal impact on either fuel or emissions, the default weight of this factor is relatively low. The minimal impact is caused by travelers in the (presumably congested) GPLs reducing some fuel use and emissions output by changing to the faster moving HOT lane, but travelers in HOV modes switching to HOT lane use as SOVs will increase the amount of fuel use and emissions output. lane to a HOT lane. The analyst can change the weights by selecting "adjust weights" and has the opportunity to save the new weighting profile. However, the sum of the weights must equal 100 before the user can continue.
Scoring Decision Trees for Factors
After addressing the factors and associated weights, researchers developed a scoring method for each of the factors. Typically, the scoring of any factor ranges from a value of 5 (highest) to −5 (lowest) with a score of zero generally indicating a minimally acceptable level for that factor. Decision trees were created for each factor to assist in scoring. The decision trees guide the analyst through pertinent questions and issues for a given factor to determine the score. The score for each factor is then entered into the software tool. The software tool itself can guide a new user with questions that ultimately result in the proper scoring. Figure 3 illustrates a typical scoring decision tree for the facility cross-section factor. It provides an example of how the user is guided This factor is concerned with public acceptability of adapting an HOV lane to a HOT lane or implementing a new HOT lane. The level of acceptability can be ascertained through focus groups or surveys. Additionally, public perception research can identify issues that are of importance to the public so that they can be addressed proactively. This factor is concerned with the political knowledge of, and acceptability for, implementing a HOT lane. The political acceptance should be measured at all levels (e.g., local, regional, and state). Acceptance can be determined through stakeholder interviews, supporting legislation, project champions, and media reports. Acceptance of HOT lanes can be demonstrated by the adoption of such strategies into the long-range plan of an area and by enacting legislation that allows for such adaptation projects. An adaption of an HOV lane to a HOT lane may also facilitate other regional goals such as increasing person movement or increasing auto occupancy. This factor concerns the disproportionate impact on low-income or minority populations that would be affected by a HOT lane. This may be different depending on whether the project proposes to adapt an HOV lane or to implement a HOT lane where none currently exists. This factor can be measured by the participation of affected groups in the planning process and through focus groups or surveys. There should be agreement prior to project implementation on the use of revenues derived from the project, if any.
There may also be federal requirements that stipulate excess revenue use. Interagency cooperation will be paramount to the success of a HOT lane. All agencies will need to support a adaptation project. Will multiple entities be responsible for maintenance and operation of the HOT lane? Operating agreements that are drafted may be required to stipulate certain provisions such as level-of-service or bus speeds per federal regulations. This factor deals with the media's portrayal of the project. It may be influenced by an existing project or familiarity with the HOT lane concept. It can be measured through editorials, media stories, and news clippings. This factor concerns the mechanisms in place to generate support for a HOT lane project and the willingness to continue public outreach after the project is implemented. Project success depends on the promotion of benefits the project provides. Cross-jurisdictional support for project implementation is important to project success. Additionally, continued funding for advertising and outreach is needed. to a particular score for the factor depending on the characteristics of the corridor.
Factor Interactions
Once the final list of the most critical performance, facility, and institutional factors were identified, it was necessary to investigate any possible interactions between these factors. This would also affect scoring. For example, a poor (narrow) facility cross-section would have a negative impact not only on the cross section factor but also on several performance factors. The narrow cross section could reduce the vehicle capacity of the lane, thereby reducing HOT lane utilization. It also could increase the crash rate, decrease average travel speeds, and decrease a traveler's willingness to pay to use the lane. After the factors from each area were examined, it was determined that those with the most impact were between the facility characteris-tics and performance measures. Although both certainly can have some interaction with institutional factors, those interactions would be much smaller in magnitude and would make the analysis unnecessarily complex without significantly affecting the outcome. Therefore, the remainder of this section, and the software itself, focus on the interactions between performance and facility factors. An argument can be made that almost any of the important facility features listed in Tables 1 and 4 can, in some way, affect any of the performance measures in Tables 2 and 4 . It was the goal of this research and the accompanying software program to focus on interactions that will have a material impact on the decision of whether or not to adapt an HOV lane to a HOT lane. To identify these interactions, researchers first identified facility and performance measures with interactions that were ranked as follows: 1 = strong, 2 = moderate, and 3 = weak but still significant (see Table 4 ). Second, researchers examined each of these interactions as shown in Table 5 . Finally, researchers adjusted the software package so that these interactions were accounted for in the final HOV to HOT rating. These strong, moderate, and weak interactions are accounted for in the software by first obtaining the relevant facility characteristic (e.g., cross section) score from the user. If the value of the characteristic is less than ideal, then some adjustment of the related performance factor (e.g., lane utilization) is required because the default performance factor values assume an ideal facility. The software automatically updates the performance factor to reflect this suboptimal facility characteristic by subtracting a set number of points from the value of the performance factor. While the number of points subtracted varies by interaction type and strength of the interaction, typical reductions are one to two points.
After a final factor score and its weight are determined for each factor, the two values are multiplied together to get a total value for that factor. The sum of these factor values in each category (facility, performance, institutional) provides a category score. The sum of the three category scores provides the overall score for the analysis. The scoring is illustrated in an application at the end of the paper.
HOT START SOFTWARE
The HOT START software is a Microsoft Windows-based program that is built on the Visual Basic.NET platform (Microsoft Corporation, Redmond, Washington). The software guides the analyst through the process of evaluating an HOV facility for possible adaptation to a HOT facility, following the guidelines discussed in this paper.
The software provides the full functionality of a Microsoft Windows-based program, including the ability to save, load, print, copy, and provide access to various help functions. The software also ensures a mathematically accurate analysis by automating the interactions between various factors as well as leading the analyst through a series of steps and questions to obtain the correct score for a given factor, as shown in Figure 4 . For various factors, additional links are provided to documents, websites, and telephone numbers that will further help the analyst answer questions to determine the appropriate score. In Figure 4 , the helpful links include maps showing the distribution of income across specific cities, attached .pdf files with step-by-step instructions on how to find the information needed, and an Internet link to the U.S. Census Bureau website. Additionally, a data collection form is available in HOT START's Help menu for the analyst to use to gather the necessary information to be input into the software.
When starting the software, the analyst is first presented with a title screen, which enables an existing analysis file to be loaded or a new analysis to be started. If a new analysis is selected, the analyst is asked whether default weights should be used. If default weights are not selected, a dialog screen appears that allows the analyst to distribute 100 points (weights) among the factors as described previously and shown in Figure 2 . As the cross section narrows, the volume of vehicles accommodated on the lane at free flow speeds decreases. As the cross section narrows, the free flow speed drops, decreasing the travel time benefits of the HOV lane. With very narrow lanes travelers may not feel comfortable and safe in the lanes, decreasing their willingness to pay for travel in those lanes. Both actual and perceived safety may decrease as lane widths decrease. Increased crashes will also adversely impact travel times. Additionally, if insufficient room exists to move stalled or crashed vehicles out of the travel way on a barrier-separated lane then travel times could be much worse than on the GPLs.
If a significant blockage occurs in a barrier-separated facility (frequently) then travel times on the HOV lane will deteriorate significantly. Limited research suggested barrier-separated lanes to be safer than lanes separated by a buffer or a flexible barrier.
If the access points for toll paying drivers are congested, the number of non-paying travelers at those access points will decrease. If the access points for toll paying drivers are congested or located long distances from their preferred entry point, the travel time savings offered by the HOV lane is reduced.
Poor access/egress points can add travel time to the HOV lane option.
Poor access/egress points can impact travel time to/from the HOV lane, reduce perceived/actual safety, and reduce ease of use, which all impact the driver's willingness to pay for the lane. Poor access/egress points can reduce perceived/actual safety.
Some potential paying customers may choose to be violators if they perceive/recognize lax enforcement.
Adequate pricing/occupancy requirement information must be available before many travelers elect to pay for HOV lane use.
The pricing strategy clearly has a major impact on both the utilization of the lane and the traveler's willingness to pay the toll. The software provides guidance on the preferred pricing strategy for different lane options and assumes the HOV lane operator selects an appropriate strategy.
An aggressive incident management strategy that rapidly clears incidents from the HOV lane can improve all performance aspects.
If there is debris in the lane on a regular basis, or there are issues with reversing a reversible lane, then this will impact several aspects of HOT lane performance.
Once the preliminary weighting of factors has been accomplished, the analyst is presented with a series of screens. If the analyst loaded an existing analysis file, then the saved information appears on the screen. Otherwise, for new analyses, the text boxes are blank. The data required on the first screen include general information about the analyst and the facility being evaluated. After general information is entered, the analyst proceeds to the facility, performance, and institutional screens to enter and adjust weights of the various factors. After weights are entered, the user proceeds to score the factors.
The score for any factor ranges from −5 to +5. Help in determining the score for the facility under investigation can be obtained by clicking the hyperlink text associated with that factor. The analyst will then be guided through a series of steps and questions as shown in Figure 4 to obtain the score, or the final factor score can be entered directly into the score box as identified with the circled "1" in Figure 5 .
The software provides several other useful functions on these screens to help with the analysis process (see Figure 5) . First, when the user rests the mouse over a factor, a brief factor description appears in a textbox. This is identified in Figure 5 with a circled "2." When the mouse pointer is moved over the score box, a description of that score based on the particular factor is shown, to ensure the analyst entered the desired score on the basis of factor conditions. This feature is identified with the circled "3." As identified with a circled "4" in Figure 5 , the analyst can tag a specific factor as "unsure," which will be noted in the results. Critical factors that occur on the basis of certain factor scores are flagged automatically by the software and are noted in the results. Finally, a colored meter at the bottom of each factor category gives the analyst an idea of the expected results for that particular category. This is identified in Figure 5 with a circled "5."
In this example, the performance category score is below zero, indicating relatively poor results. While gray scale is shown in the figures in this paper, the facility, performance, and institutional meters are color coded in the program. At the negative end of the meter spectrum, red indicates the scores are poor; at the positive end of the spectrum, green indicates the scores are relatively positive. When shown in color, the performance meter in Figure 5 is yellow.
After the analyst has finished entering the scores and weights, a summary page, which shows the factors in order of weight value, can be viewed. At this point, weights can be adjusted, if necessary. If the analyst is satisfied, the results of the analysis can be computed and viewed. The results pages can be viewed and printed. The results provide two key components of information: (a) scores and (b) critical factors to be resolved. Information on the results pages includes the overall score (resulting scores page), individual category (facility, performance, institutional) assessments (resulting scores page), The default weights used and the assigned scores for each factor are shown in Figure 6 . The facility meter at the bottom of Figure 6 indicates that the overall score for the facility factor is acceptable. Though shown in gray scale in Figure 6 , the scale is green when shown in color-representing relatively positive facility results. The only low score (−2) is for the ability to enforce. All the other factors have positive scores.
The default weights and assigned scores for the performance factors are shown in Figure 7 . The small number (−1) between the score and weight columns represents the amount of points deducted from the score for that factor (willingness to pay tolls) to account for interactions as discussed previously. The performance meter implies that the score is positive (green if shown in color).
Like the bars for facility and performance considerations, the bar for institutional considerations indicates positive-scoring factors (again, it would be green if shown in color). The results for the institutional factors are displayed in Figure 8 . All factors scored at or above zero except for public education/information, which scored a −3. However, because of the low weight of this factor and the higher scores of the other factors within institutional considerations, the −3 score hardly affected this category.
The graphical results of the analysis for I-10 are shown in Figure 9 (resulting scores page-see lower left of Figure 9 ). In this example, there are no critical factors to be addressed. In the program, had there been critical factors, a red circled "x" would appear adjacent to the appropriate category column. The remaining critical factors page (tab at lower left of screen) would then summarize the critical factors identified in the analysis. In this analysis, none of the factors was marked as "unknown." Therefore, no such items are identified on the remaining uncertainties page (tab at lower left of screen) of the results. As shown in Figure 9 , the maximum possible score, based on the default weighting profile used, is 210 for facility, 135 for performance, and 155 for institutional. The actual scores for the individual categories are 140, 48, and 75, respectively. Therefore, quantitatively, the potential adaptation to a HOT lane results in relatively positive results for the facility, performance, and institutional categories. The overall score for the project is 263. It should be noted that the overall value can be used to compare projects in which the same weighting scheme has been used. The I-10 analysis confirmed the decisions made several years earlier to proceed with adapting the HOV lane to a HOT lane. Currently, the facility is being reconstructed to include two managed lanes in each direction.
CONCLUSIONS
This paper documents research that provides an analytical framework (HOT START program) to assess the critical factors that should be examined when considering the adaptation of an HOV lane to a HOT lane. It allows analysts to determine quickly those HOV lanes that, when adapted to HOT operations, have a high probability of successfully meeting several key goals. This then allows agencies to focus detailed analyses (such as a benefit-cost calculation) on facilities that most deserve the additional analytical effort. Key conclusions of the research are provided below.
Compilation of Key Factors
The research provides the first attempt in the literature of an analytical tool for assessing critical factors before the adaptation of an HOV lane to a HOT lane. In particular, the research provides a framework for the consideration of factors that relate to key facility, performance, and institutional factors in a diagnostic software tool that can be tailored to the specific needs of the community in which the particular project is located.
Decision Tree Scoring
The HOT START tool provides a unique method of scoring each factor with decision trees. The decision trees guide the analyst to the appropriate score (−5 to +5) by answering questions related to each factor. The decision trees are based on the latest research on HOV, HOT, and managed lanes. The decision trees also provide a method of scoring relatively qualitative factors.
Interaction Effects
The interactions between factors are also considered in the software tool. For example, facility design affects facility performance, and Eisele, Burris, Wilner, and Bolin 79
HOT START provides an analytical way to consider and include these interaction effects.
Case Study Application
The HOT START analytical tool is applied to the case study of I-10 (Katy Freeway) in Houston, Texas. The example illustrates how the tool can be applied to evaluate the facility, performance, and institutional factors of interest when considering adapting an HOV lane to a HOT lane. The sample case study illustrates how an overall score and critical factors can be identified with a real-world example.
Flexibility
As more research becomes available related to any of the key factors considered in HOT START, the factors (scoring, interactions) can be updated in future versions of the software.
